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Reproducing correctly the cosmological CDM density requires, in general, some special choice of the SUSY model parameters, which may be some particular combination of sparticle masses and/or couplings. Examples of the former include hypersurfaces in the SUSY parameter space where the LSP is almost degenerate in mass with some next-to-lightest SUSY particle (NLSP), such as the lighter stau $\documentclass[12pt]{minimal}
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                \begin{document}$$m_{\tilde{\chi }^0_{1}}$$\end{document}$ is almost half the mass of a boson such as a heavy Higgs *H* / *A* \[[@CR27]--[@CR31]\], a light Higgs *h* or *Z* \[[@CR32], [@CR33]\], in which case rapid direct-channel annihilation may bring the CDM density into the allowed range. Examples of special coupling combinations include the focus-point region \[[@CR34]--[@CR39]\], where the LSP acquires a significant Higgsino component.

We have commented in our previous work on the relevances of these DM mechanisms for our global analyses. Here we discuss systematically which DM mechanisms are dominant in which subspaces of the CMSSM \[[@CR40]--[@CR51]\], NUHM1 \[[@CR52]--[@CR55]\], NUHM2 \[[@CR54]--[@CR57]\], and pMSSM10 (see, for example, \[[@CR58]--[@CR72]\]) parameter spaces, what the corresponding experimental signatures are, and how one might discover SUSY in each of these different DM regions.

Our analysis of the possible detectability of supersymmetry in the CMSSM, NUHM1, NUHM2, and pMSSM10, depending on the dominant DM mechanisms, is summarized in Table [1](#Tab1){ref-type="table"}.

Measures of mass degeneracy {#Sec2}
===========================

We first introduce measures on the MSSM parameters that quantify the relevant mass degeneracies and define each of the above-mentioned subspaces in the CMSSM, NUHM1 and NUHM2 \[[@CR5], [@CR73]\]:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} {\tilde{\tau }_1} \mathrm{~coann.~(pink):} \left( \frac{m_{\tilde{\tau }_1}}{m_{\tilde{\chi }^0_{1}}} - 1 \right)&<0.15, \nonumber \\ \tilde{\chi }^\pm _{1} \mathrm{~coann.~(green):} \left( \frac{m_{\tilde{\chi }^\pm _{1}}}{m_{\tilde{\chi }^0_{1}}} - 1 \right)&\,<\, 0.1, \nonumber \\ {\tilde{t}_1} \mathrm{~coann.~(gray):} \left( \frac{m_{\tilde{t}_1}}{m_{\tilde{\chi }^0_{1}}} \right) - 1&\,<\, 0.2, \nonumber \\ A/H \mathrm{~funnel~(blue):} \left| \frac{M_A}{m_{\tilde{\chi }^0_{1}}} - 2 \right|&\,<\, 0.4, \nonumber \\ \mathrm{Focus~point~(cyan):} \left( \frac{\mu }{m_{\tilde{\chi }^0_{1}}} \right) - 1&\,<\, 0.3. \end{aligned}$$\end{document}$$In each case we also indicate the color coding we use in the subsequent figures. The measures ([1](#Equ1){ref-type=""}) that we use are empirical, but we have verified extensively that CMSSM, NUHM1, and NUHM2 points that satisfy the DM density constraint do fulfill at least one of these conditions, and that they indeed correspond to the dominant DM mechanisms (in the sense of giving the largest fractions of final states, generally $\documentclass[12pt]{minimal}
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The above DM mechanism conditions need to be modified for our analysis of the pMSSM10. First, as we shall see later, funnels due to annihilations via direct-channel *h* and *Z* resonances can be important \[[@CR32], [@CR33]\], so for the pMSSM10 we add to ([1](#Equ1){ref-type=""}) the supplementary criteria:$$\documentclass[12pt]{minimal}
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Second, we find that chargino coannihilation dominates in the pMSSM10 also when the second condition in ([1](#Equ1){ref-type=""}) is relaxed: we use later the condition $\documentclass[12pt]{minimal}
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                \begin{document}$$\tilde{\chi }^\pm _{1}$$\end{document}$ coannihilation.[1](#Fn1){ref-type="fn"} Finally, we recall that the focusing property of the RGEs is not relevant in the pMSSM10. However, the LSP annihilation rate may still be enhanced when the fifth measure in ([1](#Equ1){ref-type=""}) is satisfied, due to a larger Higgsino component in the LSP, though we find that the dominant DM mechanism in the pMSSM10 generally does not involve this property. We use the same cyan color to identify regions where this condition is satisfied, though it is not due to focus-point behavior.

Our discussion here of DM mechanisms is based on our previously published global likelihood analyses of the CMSSM and NUHM1 \[[@CR4]\], the NUHM2 \[[@CR5]\] and the pMSSM10 \[[@CR6]\]. The reader wishing to know details of our treatments of the various experimental, phenomenological, theoretical and cosmological constraints, as well as our strategies for scanning the parameter spaces of these models is referred to \[[@CR4]--[@CR6], [@CR75]--[@CR77]\]. However, we note here a couple of important points.
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Dominant dark matter mechanisms {#Sec3}
===============================

In this section we discuss the various mechanisms that play dominant rôles in bringing the relic density into the experimentally measured interval in our four models. We display in Fig. [1](#Fig1){ref-type="fig"}$\documentclass[12pt]{minimal}
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All the parameter planes we show are color-coded as listed in ([1](#Equ1){ref-type=""}, [2](#Equ2){ref-type=""}), with regions where none of these processes are dominant left uncolored. We see in the upper left panel of Fig. [1](#Fig1){ref-type="fig"} that three DM mechanisms dominate in the CMSSM: $\documentclass[12pt]{minimal}
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In contrast, as shown in the lower right panel of Fig. [1](#Fig1){ref-type="fig"}, we found in our version of the pMSSM10 \[[@CR6]\] that the dominant DM mechanism is usually $\documentclass[12pt]{minimal}
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One may also consider the possibility that the LSP provides only a fraction of the CDM. A complete discussion of this possibility is beyond the scope of this paper, but we note that in some regions, e.g., those dominated by $\documentclass[12pt]{minimal}
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Before concluding this section, we note that the marginalization procedure we use to produce the two-dimensional planes we display does not display directly all the physics information that would be contained in a complete set of two-dimensional slices with fixed parameters such as $\documentclass[12pt]{minimal}
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The LHC sensitivity {#Sec4}
===================

In this section we discuss the prospective reaches of future LHC searches (see for example, \[[@CR86], [@CR87]\]) and their impacts in the contexts of the various preferred DM mechanisms. We will see that in many cases the preferred DM mechanism can be directly probed via the appropriate LHC searches, as summarized in Table [1](#Tab1){ref-type="table"}.Fig. 2The one-dimensional $\documentclass[12pt]{minimal}
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The possibility of a long-lived charged sparticle {#Sec6}
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Charginos and neutralinos {#Sec8}
-------------------------
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The lighter stop squark {#Sec9}
-----------------------

Next we study the differences in the impacts of the dominant DM mechanisms on the pMSSM10 and the other models in the $\documentclass[12pt]{minimal}
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Figure [6](#Fig6){ref-type="fig"} also displays as purple lines the sensitivities of the most relevant present (solid) and prospective 3000/fb (dashed) searches, namely those for $\documentclass[12pt]{minimal}
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The heavy Higgs bosons {#Sec10}
----------------------

We now study the differences between the dominant DM mechanisms in the pMSSM10 and the other models in the $\documentclass[12pt]{minimal}
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We have also estimated (not shown) the prospective LHC 95 % CL exclusion sensitivity in the *H* / *A* plane with 300/fb of data for the $\documentclass[12pt]{minimal}
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Direct dark matter searches {#Sec11}
===========================

We now turn to the capabilities of direct DM search experiments to cast light on the various DM mechanisms. Figure [8](#Fig8){ref-type="fig"} displays the $\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta \chi ^2 = 2.30$$\end{document}$ and 5.99 contours are shown as red and blue lines. The sensitivities of the XENON100 \[[@CR122]\] and LUX \[[@CR123]\] experiments are shown as green and black lines, respectively, and the prospective sensitivity of the LUX-Zeplin (LZ) experiment \[[@CR124]\] is shown as a purple line: the projected sensitivity of the XENON1T experiment \[[@CR125]\] lies between the current LUX bound and the future LZ sensitivity. Also shown, as a dashed orange line, is the neutrino 'floor', below which astrophysical neutrino backgrounds would dominate any DM signal \[[@CR126]\] (yellow region).Fig. 8The $\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta \chi ^2 = 2.30$$\end{document}$ and 5.99 contours, and the *solid purple lines* show the projected 95 % exclusion sensitivity of the LUX-Zeplin (LZ) experiment \[[@CR124]\]. The *green* and *black lines* show the current sensitivities of the XENON100 \[[@CR122]\] and LUX \[[@CR123]\] experiments, respectively, and the *dashed orange line* shows the astrophysical neutrino 'floor' \[[@CR126]\], below which astrophysical neutrino backgrounds dominate (*yellow region*)

In the CMSSM case, we see that the current XENON100 and LUX data already put strong pressure on models where the focus-point or $\documentclass[12pt]{minimal}
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Finally, we see that whereas the region of the pMSSM10 parameter space that is favored at the 68 % CL lies within reach of the LZ experiment, as is the case for much of the $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma ^\mathrm{SI}_p$$\end{document}$ are due to cancellations (for some discussions of these cancellations, see \[[@CR128]--[@CR132]\]) between different contributions to the matrix element for spin-independent scattering on protons. In \[[@CR6]\] it was shown that similar cancellations hold when the cross section for spin-independent scattering on neutrons is considered, instead of the proton case shown in Fig. [8](#Fig8){ref-type="fig"}.

Table [1](#Tab1){ref-type="table"} also summarizes the observability of DM particles in direct searches in the different scenarios considered. We see a degree of complementarity between the LHC and direct DM searches.

We have focused in this article on the prospects for direct searches for DM scattering. A complementary probe of the properties of supersymmetric DM is through indirect detection, searching for the traces of DM annihilation in the Galaxy. A number of recent works have focused on this. For example, \[[@CR133]\] has demonstrated that Fermi-LAT satellite limits on $\documentclass[12pt]{minimal}
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                \begin{document}$$\gamma $$\end{document}$-ray emission in dwarf spheroidal galaxies \[[@CR134]\] do not currently affect the parameter space of the pMSSM, although they may do so in the future.[13](#Fn13){ref-type="fn"} Constraints from IceCube and the HESS telescope have been investigated in \[[@CR136], [@CR137]\]. IceCube limits \[[@CR138]\] do not currently affect the pMSSM10 parameter space, while HESS bounds \[[@CR139]\] are primarily on pure wino states, which must have masses greater than a TeV \[[@CR140], [@CR141]\] in order to provide a thermal relic. Since the mass of the lightest neutralino is low in our models due to the incorporation of the $\documentclass[12pt]{minimal}
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                \begin{document}$$(g-2)_{\mu }$$\end{document}$ constraint, this does not affect our fits. Accordingly we do not include these data sets in this work, but we plan on implementing likelihoods for these searches in future analyses.

Summary and conclusions {#Sec12}
=======================

We have analyzed in this paper the mechanisms that play dominant roles in bringing the relic neutralino density into the range allowed by cosmology in the CMSSM, the NUHM1, the NUHM2 and the pMSSM10. We have delineated the regions of the parameter spaces of these models where dominant roles are played by $\documentclass[12pt]{minimal}
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                \begin{document}$$\tilde{\chi }^\pm _{1}$$\end{document}$ coannihilation, or funnel regions where the neutralino annihilates rapidly via the heavy Higgs bosons *H* / *A*, and also regions where the neutralino has a significant Higgsino component. In the CMSSM, the NUHM1 and the NUHM2 we find that different mechanisms operate in different regions of the parameter spaces, with relatively small hybrid regions where two mechanisms contribute. In the pMSSM10, $\documentclass[12pt]{minimal}
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                \begin{document}$$\tilde{\chi }^\pm _{1}$$\end{document}$ coannihilation dominates in most of the parameter space, with some contributions from other processes in specific ragions.

Our assessments of the observability of supersymmetry within different models, depending on the dominant DM mechanisms, are summarized in Table [1](#Tab1){ref-type="table"}. Within the CMSSM, the NUHM1 and the NUHM2,  $\documentclass[12pt]{minimal}
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                \begin{document}$$/ \!\!\!\! E_T$$\end{document}$ searches at the LHC can explore significant portions of the $\documentclass[12pt]{minimal}
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                \begin{document}$$\tilde{\tau }_{1}$$\end{document}$ coannihilation regions. These regions also offer the possibility that the $\documentclass[12pt]{minimal}
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                \begin{document}$$\tilde{\tau }_{1}$$\end{document}$ may be relatively long-lived, and detectable at the LHC as a long-lived charged particle. There are regions of the NUHM2 parameter space where $\documentclass[12pt]{minimal}
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                \begin{document}$$\tilde{t}_{1}$$\end{document}$ coannihilation dominates, which can also be explored by  $\documentclass[12pt]{minimal}
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                \begin{document}$$/ \!\!\!\! E_T$$\end{document}$ searches at the LHC. The $\documentclass[12pt]{minimal}
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                \begin{document}$$\tilde{\chi }^\pm _{1}$$\end{document}$ coannihilation and focus-point regions of these models can be explored by the LUX-Zeplin direct DM search experiment. Much of the *H* / *A* funnel regions in these models may be explored via LHC searches for the heavy Higgs bosons, and also via direct DM searches with the LUX-Zeplin and Darwin experiments. On the other hand, the $\documentclass[12pt]{minimal}
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                \begin{document}$$\tilde{\tau }_{1}$$\end{document}$ coannihilation regions seem likely to lie beyond the reaches of the direct DM searches.

Within our analysis of the pMSSM10, $\documentclass[12pt]{minimal}
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                \begin{document}$$\tilde{\chi }^\pm _{1}$$\end{document}$ coannihilation is the dominant DM mechanism in most of the parameter space, though this might change with a different set of independent pMSSM parameters. In addition, there are regions where $\documentclass[12pt]{minimal}
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                \begin{document}$${\tilde{\tau }_1}$$\end{document}$ coannihilation or direct-channel annihilation via a *h* and *Z* funnel may dominate. Parts of the pMSSM10 model space can be explored at the LHC via  $\documentclass[12pt]{minimal}
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                \begin{document}$$/ \!\!\!\! E_T$$\end{document}$ , *H* / *A* and other searches, and parts by direct DM searches. However, we find no long-lived particle signature in the region of the pMSSM10 parameter space that is currently favored statistically. Overall, large parts of the pMSSM10 parameter space could escape the LHC searches considered here, but a large fraction would be accessible to future DM experiments.

Our analysis shows that the LHC and direct matter searches offer significant prospects for discovering SUSY if it is responsible for the cosmological CDM, and in many cases the mode of discovery can reveal the nature of the dominant mechanism responsible for determining the CDM density. We look forward with interest to learning what the LHC and direct searches will be able to tell us about SUSY DM.

This approach yields results similar to those of \[[@CR73]\], where empirical constraints combining the masses and neutralino mixing matrix elements are used.

In some cases, these and subsequent figures may include small updates from the versions shown previously \[[@CR4]--[@CR6]\], as they incorporate the latest implementations of the experimental constraints.

As discussed in \[[@CR4], [@CR5]\], this exclusion curve can be applied to the NUHM1 and NUHM2, also in the range of $\documentclass[12pt]{minimal}
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                \begin{document}$$m_0 < 0$$\end{document}$ shown in these plots, where we interpret negative $\documentclass[12pt]{minimal}
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                \begin{document}$$m_0 = \mathrm{Sign}(m_0^2) \sqrt{m_0^2}$$\end{document}$.

Analyses with micrOMEGAs confirm that $\documentclass[12pt]{minimal}
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                \begin{document}$$\tilde{\chi }^\pm _{1}$$\end{document}$ coannihilation processes contribute over 50 % of the final states in most of the green shaded regions for the NUHM1 and NUHM2, and generally over 75 % for $\documentclass[12pt]{minimal}
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                \begin{document}$$m_{1/2} \gtrsim 3000 \,\, \mathrm {GeV}$$\end{document}$. In the NUHM1 and NUHM2 for $\documentclass[12pt]{minimal}
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                \begin{document}$$m_{1/2} \lesssim 1500 \,\, \mathrm {GeV}$$\end{document}$, the $\documentclass[12pt]{minimal}
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                \begin{document}$$\tilde{\tau }_1$$\end{document}$ coannihilation criterion is also satisfied (and that region was colored hybrid in \[[@CR5]\]), but $\documentclass[12pt]{minimal}
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                \begin{document}$$\tilde{\tau }_1$$\end{document}$ coannihilation does not contribute significantly to the relic density calculation, so here we color it green.

We note, however, that this is the result of an interplay of various constraints, in particular the pMSSM10 assumption of universal slepton masses, as discussed in detail in \[[@CR6]\]. A different selection of pMSSM parameters could favor regions with different dominant DM mechanisms, in general. However, this is left for future analysis, and here we simply take over the results of \[[@CR6]\].

Another micrOMEGAs analysis shows that $\documentclass[12pt]{minimal}
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                \begin{document}$$\tilde{\chi }^\pm _{1}$$\end{document}$ coannihilation processes contribute over 50 % of the final states in most of the green shaded region, and generally over 75 % for $\documentclass[12pt]{minimal}
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                \begin{document}$$m_{\tilde{\chi }^0_{1}} \lesssim 250 \,\, \mathrm {GeV}$$\end{document}$.

In principle, these bands are accessible to precise searches for invisible *Z* and *h* decays. However, we found in a survey of the pMSSM10 $\documentclass[12pt]{minimal}
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                \begin{document}$$(m_{\tilde{q}}, m_{\tilde{\chi }^0_{1}})$$\end{document}$ plane in Fig. [1](#Fig1){ref-type="fig"} that the $\documentclass[12pt]{minimal}
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                \begin{document}$$Z \rightarrow \tilde{\chi }^0_{1} \tilde{\chi }^0_{1}$$\end{document}$ branching ratio exceeds the current experimental uncertainty of 1.5 MeV for only a handful of the lowest-$\documentclass[12pt]{minimal}
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                \begin{document}$$h \rightarrow \tilde{\chi }^0_{1} \tilde{\chi }^0_{1}$$\end{document}$ branching ratio exceeds 0.1 also for just a handful of points. Invisible *Z* and *h* decays both present opportunities for future searches.
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                \begin{document}$$\tilde{\chi }^\pm _{1}$$\end{document}$ in our pMSSM10 sample to have a lifetime in the range $\documentclass[12pt]{minimal}
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                \begin{document}$$> \tau _{\tilde{\chi }^\pm _{1}} > 10^{-7}$$\end{document}$ s is much greater, so this is an even weaker candidate to be a long-lived charged NLSP.

We also note in Fig. [5](#Fig5){ref-type="fig"} the appearance of an uncolored region with $\documentclass[12pt]{minimal}
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                \begin{document}$$m_{\tilde{\chi }^0_{1}} \lesssim 150 \,\, \mathrm {GeV}$$\end{document}$, which is where 'bulk' annihilation dominates.

These sensitivities assume that the $\documentclass[12pt]{minimal}
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                \begin{document}$$\tilde{\chi }^0_{1}$$\end{document}$ in association with *W* and *Z*, respectively, not taking into account the decay $\documentclass[12pt]{minimal}
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                \begin{document}$$\tilde{\chi }^0_{2} \rightarrow \tilde{\chi }^0_{1} h$$\end{document}$ \[[@CR105], [@CR106]\].

We recall that the *h* and *Z* funnels in the pMSSM10 could in principle be explored by future searches for invisible *h* and *Z* decays.

This line was calculated assuming the specific MSSM $\documentclass[12pt]{minimal}
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                \begin{document}$$m_h^\mathrm{max}$$\end{document}$ scenario with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M_\mathrm{SUSY} = 1~\,\, \mathrm {TeV}$$\end{document}$ \[[@CR112], [@CR113]\], and is used to give a rough impression of the location of the direct heavy Higgs-boson search bounds.

Reference \[[@CR135]\] appeared while this work was being finalized, and it may be used to constrain the *Z*- and *h*-funnel regions of the pMSSM10. We plan on incorporating this into a future analysis.
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